Abstract -In order to measure electrical signals produced by partial discharges in hydrogenerators stator windings, capacitive couplers are regularly used. They are electrically connected to the windings and therefore, require undesired insulation intrusion. For avoiding such an intrusion, a microstrip directional coupler is used, which is experimentally and numerically investigated in this work. This electromagnetic field sensor is analyzed initially via computer simulation using the finite-difference time-domain method. This numerical analysis is fulfilled considering the coupler placed over a stator bar. Experimental high-voltage tests with generator windings were also performed. We compare the results of the measurements obtained by using various sensors and show that the microstrip directional coupler has some important advantages over traditional capacitive sensors such as complete conductive insulation from the windings and the capacity of detecting shorter PD pulses due to their wider bandwidth.
electrical insulators. They are produced by high electric field gradients [2] [3] [4] [5] across the cavities in insulating material due to regular machine operation voltages. Discharges may or may not occur adjacently to one of the electrodes [5] . The PD pulses contain high-frequency components and they occur in a repetitive manner within the insulation system of high-voltage equipment in operation. In stators of electrical machines, increased PD level or counting can indicate deterioration of winding insulation. PDs can eventually cause the failure of electrical insulation [6] .
In [7] , approximately 56% of 69 incidents of fault causes in hydrogenerators were identified to be related to imperfections of insulation sections. In general, constitutive faults (related to design, assembly processes or operational stresses of electrical devices) can be detected and localized by measurement of transient signals originated at PD spots. Thus, PD monitoring procedures have become the most used instrument for determining the condition of stator windings insulation [6] .
Capacitive couplers have been used since the 1950s' [5] , [8] for measuring signals originating at PD locations [5] because they naturally filter the 50-60 Hz high-voltage signals of regular machine operation. However, this measuring method compels one to connect electrically the measuring system to stator windings and requires insulation intrusion. This increases chances of machine failures [9] .
Along with electrical pulse sensing methods, other approaches have been used, including radiofrequency (RF) radiation sensing, power-factor tip-up and energy/integrated charge transfer [10] .
In this context, we design, build and test in this work a microstrip directional coupler used as a nonintrusive PD sensor [11] . This sensor was originally proposed in [12] . We show that the sensor is adequate to experimentally acquire transient signals produced by PDs owing to its wide operating band (~100 Hz -2 GHz) and proximity operation features [13] which minimize external interfering signals, as it would happen if antennas were used. The sensor is investigated numerically by FiniteDifference Time-Domain (FDTD) method [14] , [15] truncated by using the Convolutional Perfect Matched Layer (CPML) formulation [16] , and experimentally by means of a high-voltage equipment with a real hydrogenerator winding bar. We compare several types of sensors used for PD measurements and show that the microstrip directional coupler has important advantages over the traditional capacitive couplers.
II. PARTIAL DISCHARGES MEASURING TECHNIQUES AND INSTRUMENTS
Although partial discharges are associated with several physical manifestations, including electrical pulses and the resulting radio-frequency signals, acoustic pulses, light, as well as chemical reactions involving gases, information provided by electromagnetic fields can be used for assessing the condition of insulation of rotating machinery. Classical electrical pulse sensing of PDs consists in measuring small voltage pulses caused by the propagating electromagnetic field or in assessing transient current pulses [2] . Because capacitors present high impedance to the power frequency and low impedance to the high-frequency PD pulses, they are typically part of transfer impedances [5] However, capacitive sensors are frequently connected to the phase terminal or to some other part of the winding, often requiring breaching of insulation.
Electromagnetic waves excited by discharge sparks are not confined and propagate away from the structure. This way, noninvasive near field sensors [2] and RF antennas [18] , [19] can be used for detecting PD signals. The electromagnetic disturbance started by a PD contains RF frequencies typically from 100 kHz to several hundreds of megahertz. It is worth noticing that radiated signals are subjected to interference due to fields produced by other sources in a real power generation environment. In addition, multiple field reflections with the structures composing the generation setting significantly alter received transient signals by antennas and complicate analysis of PDs [20] .
Consequently, the location of the antenna, the distance to the PD source and the specific bandwidth of the detection system notably influence on the detection sensitivity [3] . Noise influence can be minimized at the expense of substantial narrowing of the received signal bandwidth, yielding loss of information [20] .
In this context, directional couplers [13] (Fig.1) are an attractive solution. Directional couplers can usually work with frequencies ranging from several Hertz to approximately 10 GHz [2] . This kind of sensor needs to be installed as close as possible to that part of the winding, which may be most exposed to critical PD activity. Figures 1 and 2 show directional couplers designed and constructed in our work. They consist of a microstrip-based structure, formed by a main conducting strip, separated from the ground plane by a dielectric substrate. The conducting strip and the ground plane are connected by a 50 Ω resistor R (Fig.2) , used for impedance matching with the used cable and for absorption of reflected signals. The resistor is also used for reduction of external interfering signals.
The other end of the coupler is connected to a coaxial cable (Fig.1a) , which in turn is connected to an oscilloscope. This device can be manufactured using simple printed circuit board (PCB) technology. 
III. NUMERICAL AND EXPERIMENTAL ANALYSIS OF THE MICROSTRIP DIRECTIONAL COUPLER
For performing numerical investigation, we employed the SAGS (synthesis and analysis of grounding systems) [21] parallel electromagnetic simulator, adapted specially in our work for modeling partial discharges (see Appendix A) via the FDTD method. This approach is used to solve
Maxwell's equations numerically in time domain with finite differences [14] , [15] . The structure investigated experimentally in [14] was numerically reproduced in our work for validation of the numerical analysis. As shown in Appendix A, our numerical results agree very well with PD experiments in literature.
The directional coupler was designed with the following dimensions: 10 cm (length), 2 cm (width) and 1.5 mm (thickness). The coupler conducting strip is 9cm-long and 4mm-wide. It is connected by a subminiature version A (SMA) connector (Fig.2b) to the oscilloscope through a coaxial cable (Fig.1) . wavelength is about four times the length of the coupler, as predicted in [22] . In addition, as described in [23] , all other resonances can be calculated by multiplying the first resonance frequency by an odd integer. This feature can also be seen in Fig. 3 . For verification of physical consistence of results obtained with the directional coupler placed on the 3.5×0.066×0.022m-bar, the simulation performed to validate the software SAGS (described in Appendix A - Fig.16 ) is repeated. However, for the present simulation, the FDTD numerical model of the directional coupler is placed over the structure, as illustrated by Fig.6 , inset 1. The insets 2 and 3 in Fig.6 show the excitation port, which was conceived for ensuring impedance matching between the bar's metallic core and the voltage excitation source. Notice that grounding system of electrodes was modeled by penetrating part of the metallic structure in conductive soil with the parameters  r = 10 and  S/m. In order to represent ground as a semi-infinite medium, the soil model penetrates the CPML walls and waves are absorbed. Reflections are avoided by ensuring impedance matching between CPML and soil and between CPML and free space [16] [21] . The resistor in insets 2 and 3 of 6 ). This effect is expected because the coupler is much smaller than the minimum signal's wavelength ( min ≈ 38m) [27] . It is interesting to notice that the oscillations seen in Figs.7 and 20 are caused by reflections at the bar ends (each peak is registered after the wave propagated through the bar length two times), producing specific resonance. In comparison to the signal of the bar output port A, a significant reduction of the signal level registered by the directional coupler is observed. It is mainly a consequence of the shielding effect caused by the bar metallic coating (Fig.16) , over which the coupler is placed. However, bandwidth of directional couplers is much larger than that of capacitive couplers, as shown in the next Section. Coupling factor between the directional coupler and the Roebel bar and a discussion concerning its directivity are presented in Appendix B. 
IV. HIGH-VOLTAGE PARTIAL DISCHARGE EXPERIMENTS
In order to analyze PDs in the stator windings, experiments were performed in a laboratory with an imbricated type Roebel bar, which is 2.9 m long, removed from a 290 MW hydrogenerator. Fig.8(a) shows the high-voltage experimental set up in Eletronorte HV-laboratory. The transfer impedance [5] is a coupling device that converts the input currents to the output voltage signals (schematics are given by Fig.8(b) ). These signals are transmitted to the measuring device. The coupling capacitor C 1 in Fig.8(b) is used as a sensor for detecting PD signals from the machine winding. In experiments, 100kV 60Hz-source from Instronic was used. The transfer function of the transfer impedance circuit in Fig.8(b) , considering ideal lumped circuit elements, is given by [5] ( Two traditional capacitive couplers of 80 and 220 pF and a microstrip directional coupler were tested. The directional coupler was put in the winding slot of the Roebel bar (and not over the winding metallic structure), as indicated in Fig.9 . For safety purposes, a measurement impedance of 2000 Ω was connected between the directional coupler and the oscilloscope for each measurement performed.
Notice that the transfer impedance was used with the capacitive couplers only. The high-voltage tests were performed using the methodology defined by IEC [4] . The procedure starts with the application of a 60Hz gradually increasing voltage from zero to the conditioning voltage U n = 13.8 kV, which is applied during five minutes (Fig.10) . Voltage is then progressively reduced to zero. Subsequently, the voltage is slowly raised to U n and the first measurements and recording of the PD patterns are conducted during an acquisition time interval of 60s (Fig.10) . The voltage is progressively raised back to U n and PD counting is carried out for another minute. This methodology is used because PD counting is affected (it is typically smaller) during the first minutes of high-voltage application, as accurately detailed in [4] . The presented conditioning procedure ensures steady PD activities in the winding component to be measured. (Table I ).
The PRPD measured with both capacitive couplers presented a specific level of symmetry for positive and negative discharges with respect to the negative and positive half cycles. This pattern is compatible to the standard shown in [3] for internal partial discharges obtained with capacitive couplers. The second step of the 13.8 kV experiment was conducted in order to evaluate the performance of the microstrip directional coupler. The obtained PRPD pattern is shown in Fig.12 (Table I) have been detected when directional coupler was used.
The improvements on spectral bandwidth and PD counting results are obtained at the expense of reducing amplitude of received signals, as shown in Table I . couplers. In addition, the directional couplers are less sensitive to the noise produced by remote sources, because they are very close to the bars. Thus, the use of the directional couplers as PD sensors allows one to improve PD counting due to the possibility to detect short pulses which the capacitive couplers reject by filtering.
It is noteworthy that all couplers evaluated in the high-voltage experiments were able to register partial discharges when the bar was subjected to a voltage of 13.8 kV. The capacitive couplers are efficient for detecting discharges with spectral energy from a few Hz to tens of megahertz and the directional couplers registered PD pulses with energy distributed on a much wider spectral range from 100 Hz to 280 MHz. Notice that pulses with frequency components from 100 MHz to 280 MHz can present very significant amplitudes (between 10 to 60 percents of maximum spectral amplitude). This way, as far as the directional coupler tends to preserve the PD pulse shapes with smaller rise times (as shown in FDTD simulations) and due to the fact that it works only from very small distances from object under test, the PD counting procedure based on directional couplers is more precise than PD counting performed with capacitive couplers. It was experimentally demonstrated in our work.
APPENDIX A: VALIDATION OF EXPERIMENTS VIA COMPUTATIONAL SIMULATIONS
For purposes of validation of our experiments, the software SAGS [21] which solves Maxwell's equations by the finite-difference time-domain method (FDTD-3D), was adapted by authors for modeling partial discharges. We reproduced the results of the problem investigated in [28] , where experiments were conducted to study the propagation of PD signals along stator bars. These experiments were carried out in a 3.8m-long sample bar (of Roebel type) dismantled from a 900MW
generator. Voltage V1 was applied to the bar input and voltage V2 was measured at the output. Fig.15 shows the experimental setup used in [28] , which was numerically reproduced in our paper.
BAR Pulse Generator
50 Ω V2 V1
1 Ω R Fig.15 . Circuit used experimentally in [28] , which is reproduced numerically in this work.
The FDTD numerical model is composed of three layers: inner metal structure, surrounded by a dielectric layer, which in turn is coated with an outer metallic layer, as illustrated by Fig.16 . The dielectric layer made of mica is characterized by the parameters ε r = 3.8, σ = 0.00010394 S/m and μ r = 1. Metallic parts are considered to be copper (ε r =1, σ=10270 S/m and μ r =1). It is worth mentioning that these parameters were inferred from the results presented by [28] [29] [30] and by measurements performed on a similar bar provided by Eletronorte. The parameters used are in accordance with the parametric ranges specified in [31] and [32] for mica and cooper, respectively. model, since not all geometric data were specified in [28] . It was found that the diameter of the connecting cables significantly contributes to the output voltage V2. Cables with diameter smaller than 8 mm caused additional oscillations in the result. Lumped elements were modeled by using formulation presented in [24] . A comparison between the waveforms of voltage V2, obtained from FDTD simulation and from experiments in [28] , is shown in Fig.17 . It is observed that the simulated voltage is not completely identical to the experimental result. This occurs because the exact dimensions of width and thickness of the experimental bar are not given in [28] . However, the two results present very close phases and amplitudes. Therefore, one can state that adequate qualitative and quantitative agreements are obtained. This validates the method and the developed software used for simulating the present problem.
APPENDIX B: NUMERICAL EVALUATION OF CURRENT COUPLING FACTOR FOR THE DIRECTIONAL COUPLER OVER THE ROEBEL BAR
In order to determine the current coupling factor between the Roebel bar and the designed directional coupler, we have simulated the problem depicted in Fig. 18 . For this aim, the numerical problem defined on Fig. 6 has been adapted as follows: 1) the excitation source has been replaced by a PD source positioned inside the Roebel bar insulation; 2) as long as current coupling factor is to be calculated, we have included a 50 Ω load resistor connected to the directional coupler port for maximizing power transferring. All remaining simulation parameters were preserved.
At this point, it is important to notice that because the electromagnetic waves originated at PD excitation point reflect at the bar ends, partial discharge signals can be detected by the directional coupler regardless of the position of PD source. For this reason, directional coupler can be installed parallell to the bar with any of the two possible orientations, as it is shown, for example, in Fig.18 . Transient currents i PD (t) and i L (t) were calculated, respectively, at the PD excitation point and across the load resistor (Fig. 18) . In order to obtain the coupling factor C fact as a function of frequency (2) for several frequencies from 1 kHz to 2 GHz. In (2), the symbol  indicates the fast Fourier transform (FFT). The obtained curve for C fact (f) is given in Fig. 19 . 
